The function of a metro station area is vital for city planners to consider when establishing a context-aware Transit-Oriented Development policy around the station area. However, the functions of metro station areas are hard to infer using the static land use distribution and other traditional survey datasets. In this paper, we propose a method to infer the functions occurring around the metro station catchment areas according to the patterns of staying activities derived from smart card data. We first define the staying activities by the spatial and temporal constraints of the two consecutive alighting and boarding records from the individual travel profile. Then we cluster and label the whole staying activities by considering the features of duration, frequency, and start time. By analyzing the percentage of different types of aggregated activities happening around each metro station, we cluster and explore the functions of the metro station area. Taking Wuhan as a case study, we analyze the results of Wuhan metro systems and discuss the similarities and differences between the functions and the land use distribution around the station area. The results show that although there exist some agreements, there is also a gap between the human activities and the land uses around the station area. These findings could give us deeper insight into how people act around the stations by metro systems, which will ultimately benefit the urban planning and policy development.
Introduction
The Transit-Oriented Development (TOD) principle has been widely accepted and implemented when designing the transit surrounding areas in urban cities ever since Calthorpe [1] codified the concept of TOD. TOD aims to create a high density, a high diversity, and a design-oriented neighborhood within walking distance of public transportation in order to reduce private car use. However, it is strongly suggested that the TOD strategies be varied according to the intrinsic features of stations, such as form, land use mix, location, accessibility, and so on [2, 3] . Among the indicators of TOD typology, the functional mix of a station area is an important input measurement to depict the development characteristics of TOD [4] . In this context, the social functions of station areas need to be examined comprehensively in order to help city planners gain insight into the existing conditions of metro station. In Section 5 we present a case study in Wuhan. Section 6 draws our conclusions and discusses future work.
Related Work
Ever since Bagchi and White [18] discussed the potential role of smart card data as a new source of travel behavior collection, an increasing amount of work has been done to serve transportation management and planning in the past two decades. Nassir et al. and Alsger et al. [19, 20] used SCD to infer origin-destination matrices, which is a costly job using traditional travel survey data. Kusakabe & Asakura [21] estimated the trip purpose via the Bayes probabilistic model combined with travel survey data. Ma et al., Mahrsi et al., and Kieu et al. [13, 22, 23] measured passengers' travel habits and regularity over long periods of time to cluster cardholders. Zhou et al. [24] monitored and quantified the elasticity of distance travelled as transit feasibility in transit-served areas. Ma et al., Long et al., Long & Thill, and Zhou et al. [25] [26] [27] studied the commuting patterns anchored in the public transportation fabric.
In recent years, urban researchers used the smart card data as a large sampling population at a finer temporal and spatial granularity, taking advantage of the individual's daily movements in transit network recorded in SCD. Liu et al. [28] studied the movement patterns at both an individual and a collective scale. Lathia et al. [29] tested the relationship between urban mobility revealed by smart card data and social deprivation. Tao et al. [30] extracted and visualized aggregated flow patterns of bus passengers. Zhong et al. [15] explored how the variations in regularity scale at different temporal resolutions across different cities. These works provide us with new tools to better understand the dynamics of the spatial temporal distribution of human movement.
The urban structure is closely related to the subway systems, which can be considered in terms of urban interaction. For example, Roth et al. [16] studied the urban hierarchical structure using metro SCD in London. Urban morphology such as borders, hubs, and centers are also studied in [31, 32] . Cats et al. [33] identified and classified urban activity centers according to the spatial proximity and travel flows of public transportation. Zhong et al. [34] inferred building functions from public smart data combined with survey data. Kim et al. [35] identified the movement patterns between spatially adjacent zones to understand the relationships between city areas. This study uses human tracking data to demonstrate the relationships between human activities and the urban functional environment.
Of the existing studies, it is common for researchers to investigate the temporal rhythms among all metro stations by mining the variations of check-in and check-out frequency in different time slots. If we divide a day into 24 h, 48 variables are needed to depict the check-in and check-out frequencies of a station in a day. The high dimension of the matrix makes the behavioral patterns dubiously and difficult to explain. For instance, Gong et al. [36] employed Eigen decomposition method to reduce the dimension in order to capture the common patterns of the passengers' variation over time. Nevertheless, station area functions other than the dominant ones (work and residences) are hard to infer because the passenger activity characteristics are not distinguished through card swiping behavior. Passenger activity patterns are generally derived from superficial card swiping behavior, so how to infer all station area functions by these patterns needs further investigation.
Whereas swiping frequency changes are associated with travelers' activity intensity and activity type, it is possible to present the characteristics of the metro station through patterns of aggregated staying activities that occurred around metro stations. For example, if a person checks out of the metro station at 8 a.m. and checks in at the same station at 6 p.m., his staying activity around the station has a high possibility to be identified as work. Following this logic, we partition the transit records according to the staying behavior that happened around the station area and investigate the aggregated activity patterns. Instead of centering on the trip episodes as in the existing literature, we spotlight the staying duration episodes to unveil the activity patterns hidden behind the card swiping behavior in this paper.
The concept of staying activity is not new, although it is addressed by different names. Chakirov et al. [37] denoted the activities between the trip chain as the consistent PT activities and targeted detecting home and work activities; Bouman et al. [38] identified the typical durations of the activity intervals. However, both works focused more on the duration distribution of the activity chains of individual passengers. The geographical environment around different stations has not yet been linked to human activity patterns. Furthermore, whether there are spatial differences of staying activities in different metro stations and how to infer the functions of the catchment area of a metro station from activities recorded in SCD remains unknown. To address this issue, this paper studies how the grouped staying activities in different station areas derived from SCD contribute to characterizing the social functions of the stations.
Study Area and Data Preparation
With a population of 8 million, Wuhan is the largest city in central China. As shown in Figure 1 , the area inside the 3rd express ring road is the core area in which most of the inner city movement happens. After building its first subway line (Line 1) in 2004, Wuhan experienced rapid development. By 2049, Wuhan is expected to have built a well-connected subway network covering 1000 km across the whole metropolitan development area according to its long-term strategy plan [39] . As of August 2016, as shown in Figure 1 , there are four operational subway lines, most of which are located inside the 3rd express ring road and have a total distance of 126 km. There are 96 metro stations in total, including six transit stations. The transit ridership in the metro systems accounted for 27.2% of all public transit in 2016 [40] . 
With a population of 8 million, Wuhan is the largest city in central China. As shown in Figure 1 , the area inside the 3rd express ring road is the core area in which most of the inner city movement happens. After building its first subway line (Line 1) in 2004, Wuhan experienced rapid development. By 2049, Wuhan is expected to have built a well-connected subway network covering 1000 km across the whole metropolitan development area according to its long-term strategy plan [39] . As of August 2016, as shown in Figure 1 , there are four operational subway lines, most of which are located inside the 3rd express ring road and have a total distance of 126 km. There are 96 metro stations in total, including six transit stations. The transit ridership in the metro systems accounted for 27.2% of all public transit in 2016 [40] . In this study, we use the SCD dataset, which contains around 84.7 million transactions made by 5.6 million cardholders using the metro network from 1 to 31 August 2016. The original format included card ID, trade station ID, trade type (check-in or check-out), and trade time. We reconstruct the trip that each traveler took by connecting two successive check-in (boarding) and check-out (alighting) records for the same day, making sure that the travel time is shorter than 1.5 h, which is the maximum travel time allowed by Wuhan metro operators. Table 1 shows some examples of the reconstructed trip. The analysis in this paper focuses only on workdays (Monday to Friday). In this study, we use the SCD dataset, which contains around 84.7 million transactions made by 5.6 million cardholders using the metro network from 1 to 31 August 2016. The original format included card ID, trade station ID, trade type (check-in or check-out), and trade time. We reconstruct the trip that each traveler took by connecting two successive check-in (boarding) and check-out (alighting) records for the same day, making sure that the travel time is shorter than 1.5 h, which is the maximum travel time allowed by Wuhan metro operators. Table 1 shows some examples of the reconstructed trip. The analysis in this paper focuses only on workdays (Monday to Friday). 
Methodology
Firstly, we bring forward the definition of staying activities by using both a temporal and a distance constraint. Then, by adopting a DBSCAN method, we aggregate and label the typical staying activities according to their start time, end time, and frequency. Finally, the station area functions are inferred from the proportion of different types of activities that happened around the station area using a k-means method.
Definition of Staying Activities
By querying all trip records that a passenger made and sorting by the boarding time through the dataset, we get every trip that he/she took chronologically. The trip that a passenger takes are denoted as trip i :
where s b,i , s a,i are boarding and alighting stations; t b,i , t a,i are the boarding and alighting time, respectively. Generally speaking, a passenger takes the metro system to arrive at his or her destination to perform various activities, such as shopping, working, staying at home, etc. If he or she boards at the same station for another trip after finishing their activity, then a staying activity could be identified through the smart card data. When the passenger's destination is located in the middle of the two metro stations, he or she would probably choose to board at the nearest station. Hence, as illustrated in Figure 2 , we are able to identify staying activity when the alighting station and the successive boarding station are located within a certain distance. Another constraint would be the staying duration. We need to filter those durations that last across days, because in this circumstance, there is a high possibility that the traveler will transfer to other transit modalities, like taxi, bus, or private car after performing the activity around the alighting station. The staying activity addressed here is similar to the consistent PT activity proposed in [37] , except that only a distance constraint is adopted in consistent PT activity because the authors mainly aimed at the detection of home and work activities and the data used in [37] contained both bus and metro data, which had more consistency than the metro data in our study. Here we adopt the new terminology "staying activity" to highlight the staying geographical location of the activity.
According to the above discussion, considering two consecutive trips trip i and trip i+1 made by a passenger, if dist(s a,i , s b,i+1 ) δ d and t b,i+1 − t a,i δ t , then a staying activity a m that occurred around the station s activity is detected, see Equation (2):
where s activity denotes the metro station where the staying activity took place. We set s activity = s a,i , so the activity is always assigned to the alighting station when the alighting and boarding stations are different but within the distance of δ d . t start = t a,i represents the activity start time, t end = t b,i+1 represents the activity end time, and t duration to be the activity duration and is calculated as follows: 
Clustering Staying Activities
The types of activities are different from each other in terms of when the activity starts and the duration that it lasts. An activity that lasts for 8 h is likely to be working, while a short activity around 3 h has a high possibility to be recreation, like shopping or eating. The time when the activity starts also matters. For example, a long stay starting in the morning could be labeled as working, while a long stay that happened in the evening is resting at home. Indeed, it is possible to infer the purpose of each activity according to its start time, duration, and location, along with the help of land use data or travel survey data, as presented in [21] . However, in this study, we pay more attention to varying activity patterns around a metro station in aggregation. Therefore, we cluster activities and label each cluster by its typical temporal feature.
We adopt the start time, the end time, and the frequency as three features to cluster the most typical and frequent activities. We first divide a day into 24 time windows, then introduce a vector p X to depict the total activities starting in the time window T , as denoted in Equation (4): T . It is standardized by a z-scores method that is used to compare an observation at a dimensionless quantity level; see Equation (5) .
where and are the mean and standard deviation of To get the most typical and frequent activities that passengers make, we take the density-based spatial clustering of application with noise (DBSCAN) algorithm to extract the most frequent and typical activities that passengers exhibit. DBSCAN algorithm is a widely used clustering method that does not need to predefine the number of clusters and is robust to noise [41] . There are two key 
We adopt the start time, the end time, and the frequency as three features to cluster the most typical and frequent activities. We first divide a day into 24 time windows, then introduce a vector X p to depict the total activities starting in the time window T start p and ended in the time window T end p , as denoted in Equation (4):
where N p is the count of all users' activities that started in T start p and ended in T end p . It is standardized by a z-scores method that is used to compare an observation at a dimensionless quantity level; see Equation (5) .
where ρ and σ are the mean and standard deviation of N p . N p is positive when the number of activities are above the mean, while N p is negative when the number of activities are below the mean.
To get the most typical and frequent activities that passengers make, we take the density-based spatial clustering of application with noise (DBSCAN) algorithm to extract the most frequent and typical activities that passengers exhibit. DBSCAN algorithm is a widely used clustering method that does not need to predefine the number of clusters and is robust to noise [41] . There are two key parameters required in the DBSCAN algorithm: the minimum number of points (MinPts) and the distance (ε). If there are at least MinPts points within a distance ε from point X p , then X p is considered to be a core point, which forms a cluster together with all points that lie within the density-reachable distance ε. Otherwise points are marked as outliers if they are neither core points nor border points.
The process of the applied DBSCAN method is as follows:
Step 1: Choose an arbitrary unvisited point, mark it as visited, and retrieve its ε-neighborhood.
Step 2: For the initial point: if there are MinPts points in its neighborhood, mark the point as the core point and the current processing point, label it with a new cluster, then go to step 3. Otherwise, go to step 5.
Step 3: For the current processing point: retrieve its neighborhood points within the distance ε into a new seed set. For every point in the seed set, if the point has been marked as an outlier, change its cluster to the current cluster number; if the point is unvisited, go to step 4. If all points in the seed set are visited, go to step 1.
Step 4: Mark the point as visited; label it into the current cluster of the core point; query its neighbors within the distance ε and add them into the current seed set.
Step 5: Mark the point as an outlier and repeat step 1.
Step 6: Stop if all points are visited.
DBSCAN defines clusters as dense regions, separated by regions of lower point density. As a result, we are able to get n activity clusters, denoted as AC 1 , . . . , AC i , . . . , AC n . The outliers that have not shown aggregated patterns are labeled as AC 0 . To make each cluster more easily interpreted, each type of staying activity is further labeled by the start and duration of the staying activity, such as long or short, daytime or night.
Inferring Metro Station Area Functions
Using the proportions of passenger staying activities, the function of each metro station area can be inferred. For each metro station s k , the different patterns of activities happen around the station could be represented as:
where p s k (AC i ) is the percentage of activities labeled as AC i that happen around s k , and is calculated as:
where N(a m s activity = s k ) is the total activity count that happened in the anchoring station s k , and N(a m s activity = s k , a m ∈ AC i ) presents the activity count of AC i at s k . As each type of activity has a different base number after the aggregation in Section 4.2., to equally consider the contribution of each type of AC i , the weight of each AC i is calculated as:
Therefore, the distance between the vectors of two stations d(s k1 , s k2 ) is calculated through the weighted Euclidean distance, as shown in Equation (9):
The activity patterns are highly associated with the land use distribution around the station areas. We aim to extract the stations with similar patterns of staying activities shown by passengers, so we adopt a k-means clustering method to cluster the patterns of activities that happened around the metro stations. Accordingly, we are finally able to set the function of each station area, including residential, commercial, business, and mixed function. The clustering patterns around the station reflect the vibrancy and composition of human activities in the dynamic space. We will discuss the characteristics of each cluster in Section 5.3.
Results

Identification of Staying Activities
According to the staying activity definition presented in Section 4.1, we set δ d = 1 km, considering the average distance between any two stations is 1034 m in the Wuhan metro system. Furthermore, we set δ t = 24 h to focus on daily activities. Of all the transaction records during the 23 weekdays in August 2016, we detected about 12.8 million staying activities performed by 2.5 million cardholders. These staying activities take 40.0% of all 32 million travel trips, which means that every 2.5 travel trips will generate on average one staying activity in the dataset. This ratio could also be explained as the ratio of round trips that occurred in the metro system. The average number of staying activities per cardholder is 5.12 per month.
The histogram of staying duration t duration is plotted in Figure 3 . There are three obvious peak values from the density curve shown in the plot. The first is the duration that lasts from 1 to 3 h, which are the short activities that people perform. The other peak value is located at about 9-10 h, which has a high probability to be office time, say, from 8:00 a.m. to 6:00 p.m. The third peak value is found at about 13 h, which may imply long work times by hard workers or staying at home. Similar to [38] , durations that last 6 or 7 h are very infrequent, which implies that 6-7 h is a natural boundary to distinguish between short and long activities. These distinct patterns show that the duration of a staying activity is a useful index to capture the features of different activities. The distribution of start time and end time of X p are plotted in Figure 4 . The hours above 24 h in the y axis in the plot denote the time of the next day. The value of each pixel is N p in Equation (5) . We can see that there are several highlighted aggregated clusters, which could be referred to as the peak values in Figure 3 . For example, the high density of activities that occur at t7 to t9 and end at t17-t20, a total of 10-13 h, suggests work activity. Another high density occurs at t17-t19 and ends at t31-t32 (7 a.m.-8 a.m. the next day), which is obviously home activity. The short activities happened all day from t8 to t19. Figure 4 gives us more information about when the short or long activities took place in Figure 3 . Figure 3 . The distribution of staying activity duration (bin width = 1). In the process of DBSCAN, MinPts controls the minimum number of observations to form a cluster and is set to be 3; the distance ε is set to be 2 h. In order to focus on clusters that have high intensity, we first select the p X value that satisfies In the process of DBSCAN, MinPts controls the minimum number of observations to form a cluster and is set to be 3; the distance ε is set to be 2 h. In order to focus on clusters that have high intensity, we first select the X p value that satisfies N p N τ . Figure 5a shows how the cluster size will change with N τ . When N τ is around 0.8~1.1, there would be five clusters as a result, in which the short activities that happened in the morning and the short activities that happened in the afternoon are separate clusters. The correlation between these two activities is examined. The Pearson index is 0.789, which implies that there is a high correlation between them. Herein, it is reasonable that the two activities could be combined as one cluster. Therefore, we chose N τ = 0.7 and finally were able to get the four typical clusters; the results are shown in Figure 5b . The four clusters are denoted as AC1, AC2, AC3, and AC4, respectively. The rest of the activities that do not belong to any of these clusters in X p are assigned to AC0. According to their start time and last time in each cluster patterns, we labeled five typical activities: short_daytime (AC1), short_night (AC2), long_daytime (AC4), long_overnight (AC3), and others (AC0). The number of activities in each cluster is listed in Table 2 .
were able to get the four typical clusters; the results are shown in Figure 5b . The four clusters are denoted as AC1, AC2, AC3, and AC4, respectively. The rest of the activities that do not belong to any of these clusters in p X are assigned to AC0. According to their start time and last time in each cluster patterns, we labeled five typical activities: short_daytime (AC1), short_night (AC2), long_daytime (AC4), long_overnight (AC3), and others (AC0). The number of activities in each cluster is listed in Table 2 . As illustrated in Table 2 , of all the staying activities detected, the long activities take 36%, while short activities take 16.3%. The lower count of short activities per person per month (1.88) is much lower than that of the long activities per person (7.41) is partly because the cardholder count (1,104,844) is much larger than that of the long activities (621,339). The average long activities taken per person per month is 7.41, which is higher than average long overnight activities per person (4.50) and average long daytime activities per person (5.16). This implies that there is an overlap between people performing AC3 and AC4. These people are regular commuting groups. The spatial distribution of clusters in each cluster is further discussed in the next section.
Results of Metro Station Area Functions
We adopt k-means method to identify the social function of metro station areas based on the degree of similarity with respect to the proportions of different anchor staying activities. According to Equation (8) , the weight in this study is w = (0.03, 0.1, 0.7, 0.1, 0.07). The number of clusters is determined through the Bayesian Information Criterion (BIC), as suggested in [42] . Finally, we get six clusters as a result, and the average value of each cluster is displayed in Figure 6 . It is obvious that different clusters have distinct activity patterns. For example, F6 has a highlighted percentage of short As illustrated in Table 2 , of all the staying activities detected, the long activities take 36%, while short activities take 16.3%. The lower count of short activities per person per month (1.88) is much lower than that of the long activities per person (7.41) is partly because the cardholder count (1,104,844) is much larger than that of the long activities (621,339). The average long activities taken per person per month is 7.41, which is higher than average long overnight activities per person (4.50) and average long daytime activities per person (5.16 ). This implies that there is an overlap between people performing AC3 and AC4. These people are regular commuting groups. The spatial distribution of clusters in each cluster is further discussed in the next section.
We adopt k-means method to identify the social function of metro station areas based on the degree of similarity with respect to the proportions of different anchor staying activities. According to Equation (8) , the weight in this study is w = (0.03, 0.1, 0.7, 0.1, 0.07). The number of clusters is determined through the Bayesian Information Criterion (BIC), as suggested in [42] . Finally, we get six clusters as a result, and the average value of each cluster is displayed in Figure 6 . It is obvious that different clusters have distinct activity patterns. For example, F6 has a highlighted percentage of short activities at night, while F1 typically has long overnight activities, which implies that stations in the two clusters have different social functions. We further map the spatial distribution of six identified clusters as well as examples of each function, as shown in Figure 7 .
The function of a metro station area is highly related to the land use distribution of the surrounding area. The average percentage of land use types in each cluster is reported in Table 3 . We then compare our results of inferred social functions with the surrounding land use distribution of each metro station in order to get a deeper understanding of the relationship between the dynamic human activity and the static land use pattern. Here we set 500 m as the buffer distance when generating the station catchment area, as suggested (see [43] ). We further analyze the spatial distribution of six identified clusters with respect to the land use distribution to gain a better understanding of the human activities at the station level.
clusters as well as examples of each function, as shown in Figure 7 .
The function of a metro station area is highly related to the land use distribution of the surrounding area. The average percentage of land use types in each cluster is reported in Table 3 . We then compare our results of inferred social functions with the surrounding land use distribution of each metro station in order to get a deeper understanding of the relationship between the dynamic human activity and the static land use pattern. Here we set 500 m as the buffer distance when generating the station catchment area, as suggested (see [43] ). We further analyze the spatial distribution of six identified clusters with respect to the land use distribution to gain a better understanding of the human activities at the station level. As mapped in Figure 6 , F1 and F2 cluster have the highest percentage (56.1% and 40%) of AC3 long overnight stay among all clusters. People visiting these stations mostly aim to return home. This gives strong evidence that the function of these two types is typically residential. The difference between the two is that F2 exhibits more short activities in both the daytime (AC1) and the night (AC2), which shows that there are more commercial activities in F2 than in F1. As plotted in Figure 7 , station A (Tieji Road) and station B (Houhu Avenue) are examples of F1 and F2. Both station A and station B are basically surrounded by residential land use; station B has larger or more attractive business land use. Although both could be marked with residential function, F2 has a larger mixture of residences with other types of development, like business buildings. Nevertheless, F1 only ranked fourth in residential land use, as shown in Table 3 . This shows that the static and dynamic space show some different patterns. We will further discuss this problem in Section 5.3.
As shown in Figure 6 , F6 has the highest percentage of AC2 short night activity (33.1%). Short night activity is an index for entertainment or recreation, indicating that the function of these stations is commercial. The land use correspondingly shows that F6 has the highest likelihood of being business type, see Table 3 and Station C (Jianghan Road) presented in Figure 7 . Although the residential occupancy in F6 is very high (39.1%), it only contributes to 7.7% of AC3 long overnight activity. The area of residential and business land use around Station C area are nearly equal. However, stations in F6 emphasize entertaining and commercial functions, which attracts people for shopping, eating, or other entertainment.
The F5 cluster has the highest AC4 long daytime activity (31.8%), indicating that these places are the workplaces in the city. It also has the highest percentage of AC1 short daytime activity among all clusters, indicating that people are socializing or doing business in these places. The high occupancy of administrative (10.4%) and public service (18.1%) land use in Table 3 could give the high AC1 an explanation. Station D (Wuhan CBD) in Figure 7 is a good example of this business function.
The F4 cluster shows mixed function, and has relatively even distributions among all activity types. The percentages of AC0 to AC4 are 20.6%, 20.3%, 18.1%, 23.8%, and 17.3%, respectively. Station E (Fuxing Road) in Figure 7 shows similar land use patterns. Surrounded by a park, a hospital, a historic culture square, and several commercial buildings, station E attracts people to do various activities. Likewise, the F3 cluster also shows mixed function. The F3 cluster has more AC3 long overnight activities and fewer AC2 short night activities compared to F4. As shown in Table 3 , F4 is mixed with business, public service, green space and transportation land uses, while F3 is mixed due to a high occupancy of business, industrial, logistics and warehouses, and other land uses; see the example of station F (Mengjiapu) in Figure 7 .
The analysis presented in this section could enrich our knowledge of how people use the space near metro stations, which is very costly to derive using tradition survey data. Six clusters are drawn to depict the social functions of metro station areas through the distribution patterns of different types of aggregated human activities. From the map in Figure 7 , it can be seen that the business function stations (as shown in triangles) formed different characteristics in three districts in Wuhan. The workplaces in Wuchang have a linear shape around the main roads; the commercial and businesses functions in Hankou are more centered and formed a regional agglomeration, while the stations in Hanyang generally have a more scattered distribution of business. It gives us a picture of the urban structure supported by metro systems. Land use distribution decides where passengers travel but, on the other hand, human activities could change the function of the land use. The results of this study provide us with a comprehensive understanding of human activity patterns in metro systems.
Discussion
Although the social functions of each cluster in Section 5.2 show many agreements in static land use patterns, there are still a lot of differences between the two. The dominant land usage sometimes fails to exhibit the dominant functions. For example, in the Dazhi Road station, as plotted in Figure 8b , the percentage of residential land use is 75.7%, which ranks first among all stations. The business land use around the station only takes 5.7%, while administrative and public service takes 7.5%. However, the staying activities exhibit mixed function, as shown in Figure 8a . This is for two reasons:
firstly, there are a lot of small businesses inside the residential buildings, which leads to multiple usage of a land parcel; secondly, around the station there are two well-known buildings that cover a small floor area but hold many shops for selling computers, mobile phones, and other electronic devices. The area attracts a lot of people visiting this "computer town" in Hankou to shop for electronic devices, which is revealed as the AC1 short day activity and AC4 long day activities in Figure 8a . firstly, there are a lot of small businesses inside the residential buildings, which leads to multiple usage of a land parcel; secondly, around the station there are two well-known buildings that cover a small floor area but hold many shops for selling computers, mobile phones, and other electronic devices. The area attracts a lot of people visiting this "computer town" in Hankou to shop for electronic devices, which is revealed as the AC1 short day activity and AC4 long day activities in Figure 8a . Sometimes, although two stations show similar land usage, the functions are different. Take stations C and D in Figure 7 , for example: both stations are surrounded by commercial and business type, but the emphasis of the two is different, thus leading to distinct human activities. Even when two stations are surrounded by commercial buildings, the activity would be different. Take Jianghan Road and Hankou North for example, as depicted in Figure 8b : they both have very high business land usage. However, the activity patterns are quite different (Figure 8a) . Jianghan road has a high percentage of short activities, while Hankou North has a noticeable percentage of long overnight staying activities. The stores by Hankou North station are oriented around wholesale trade, while the stores by the Jianghan Road are oriented around retail. The different business models leads to differential attractiveness to visitors, which results in a different distribution in people's anchoring activities attracted by metro transportation. The other factor causing long overnight activities in Hankou North is that the station is located at the end of Line 1. People may transfer to other transportation methods to arrive at their destination after they alight at Hankou North station. So the catchment area of this station could be far greater than 500 m. In other words, using the static land use round the terminal stations of a metro line to make station function inferences may generate errors because the range of the catchment area around the station is hard to determine.
According to the above discussion, we find that there is a gap between the dynamic human activity space and the static land use space around metro stations. The area scale of the land parcel could not be used as a single index to determine how people use space around metro station areas. Even under the same land use type, different human activity patterns are exhibited. Some researchers have realized the same problem and suggested using the distribution of points of interests (POIs) to interpret mixed use within neighborhoods [4, 44] . On the other hand, some similar activity patterns may be caused by different land use distribution. This section discusses this differentiation around metro stations; however, the mutual relationships between the two need further investigation on how and why they impact each other. Sometimes, although two stations show similar land usage, the functions are different. Take stations C and D in Figure 7 , for example: both stations are surrounded by commercial and business type, but the emphasis of the two is different, thus leading to distinct human activities. Even when two stations are surrounded by commercial buildings, the activity would be different. Take Jianghan Road and Hankou North for example, as depicted in Figure 8b : they both have very high business land usage. However, the activity patterns are quite different (Figure 8a) . Jianghan road has a high percentage of short activities, while Hankou North has a noticeable percentage of long overnight staying activities. The stores by Hankou North station are oriented around wholesale trade, while the stores by the Jianghan Road are oriented around retail. The different business models leads to differential attractiveness to visitors, which results in a different distribution in people's anchoring activities attracted by metro transportation. The other factor causing long overnight activities in Hankou North is that the station is located at the end of Line 1. People may transfer to other transportation methods to arrive at their destination after they alight at Hankou North station. So the catchment area of this station could be far greater than 500 m. In other words, using the static land use round the terminal stations of a metro line to make station function inferences may generate errors because the range of the catchment area around the station is hard to determine.
According to the above discussion, we find that there is a gap between the dynamic human activity space and the static land use space around metro stations. The area scale of the land parcel could not be used as a single index to determine how people use space around metro station areas. Even under the same land use type, different human activity patterns are exhibited. Some researchers have realized the same problem and suggested using the distribution of points of interests (POIs) to interpret mixed use within neighborhoods [4, 44] . On the other hand, some similar activity patterns may be caused by different land use distribution. This section discusses this differentiation around metro stations; however, the mutual relationships between the two need further investigation on how and why they impact each other.
Conclusions and Future Work
The socioeconomic function of the catchment area of a metro station is an important factor when implementing the TOD strategy. However, it is hard to derive the station area's functions using static land use distribution and other traditional survey data. The emergence of smart card data brings us a new opportunity to investigate this problem from the human behavioral perspective. Instead of quantifying the number of check-in and check-out events, we pay more attention to the anchoring activities that happen at the alighting stations. First, we defined the staying activities by the spatial and temporal constraints of the two consecutive alighting and boarding records. Then, by using a DBSCAN method, all staying activities were clustered and labeled via the features of duration, frequency, and start time. By doing this, we were able to get the distribution of aggregated human activities around each metro station. The function of each station area is inferred through the activity distribution characteristics with the help of weighted k-means classification. Finally, we analyzed the results of the Wuhan metro systems and discussed the similarities and differentiations between the functions and the land use distribution around the station catchment area.
We got six distinct clusters to depict the functions of all metro station areas in Wuhan. F1 and F2 exhibit a residential function, although F2 has a larger mixture of residential with other types of development than F1. The F5 clusters are typically working places of the city, while the F6 clusters show entertainment and commercial functions. F3 and F4 are both mixed use; however, they are mixed because of different land uses. These findings could give deeper insight into how people act around metro stations. The functions of each station could provide a reference for planners when designing the TOD strategy.
There are several limitations that could be alleviated in future work. Firstly, we use an efficient and easily implemented method to get the labeled feature of activities by using the attributes of start time, duration and frequency. However, if more accuracy is required, we would suggest inferring the purpose of each trip first and then cluster the activities by the trip's purpose so as to get more detailed information about the activity. If a more detailed travel purpose is inferred, it would be very helpful to get refined functions of similar activity patterns in this pattern; for example, the differences between F3 and F4 in the case study could be made distinct. This could be implemented with the help of POI information around the station areas. Secondly, the other limitation is that we only used the activities of weekdays. Activities on weekends are ignored because they have different patterns. This problem would be solved after the trip purpose inference process. Thirdly, using only metro smart card data may cause bias in the results. There are other transportation options that people may choose, like private car, taxi, bus, bicycle, walking, etc. Integrating other types of human movement data, or calibrating with POI data, would be helpful to reduce the data bias problem. Last but not least, we will further study the connections between each metro station to find the interaction patterns between stations with the same or different functions. We believe that these findings will enhance our knowledge about human interaction and deepen our understanding of the urban structure, which will ultimately benefit the city when planning improvements in and around metro stations.
